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The  BALB/c  mouse  possesses  the  potential  to  express  different  idiotypes  which 
bind to phosphorylcholine (PC).t Analysis of the murine repertoire for PC-containing 
antigens has shown that the total number of PC-specific clones is quite large, on the 
order  of several  hundred  clones  or more  (1).  This clonotype diversity can  be seen 
within  the  family of numerous  PC-binding  myeloma proteins,  derived  in  BALB/c 
mice which differ in idiotype (2, 3), and also within the PC-specific B cell repertoire 
expressed in the splenic focus assay system (4-6). Yet, the BALB/c mouse, if immu- 
nized with T  cell-dependent  (TD) or T  cell-independent  (TI) PC antigens, responds 
with the predominant expression of a  single idiotype, that of the TEPC-15  idiotype 
(7-10). The clonal dominance of the TEPC-15 idiotype in the response to PC (11,  12) 
or of other dominant idiotypes in responses to bacterial antigens, such as dextran (13) 
or streptococcal group A carbohydrates (14,  15), has been considered a  hallmark for 
germ-line gene responses. The highly predictable appearance of PC-specific/TEPC- 
15-bearing  precursors  during  ontogeny  added  further  support  to  the  germ-line 
"closeness" of the TEPC- 15 idiotype. Sigal and co-workers (11,  12) have described the 
late acquisition  of the TEPC-15  clonotype and emphasized  the  importance of this 
finding  for the germ-line character of TEPC-15  coding gene(s). Thus,  the late and 
predictable  expression of the TEPC-15-predominant  idiotype was thought  to have 
significant implications for the mechanisms by which the B cell repertoire is acquired. 
In the present report we have reinvestigated the maturation of PC-specific clones 
in  BALB/c  mice  using  a  novel  PC  antigen  which  stimulates  immature  B  ceils 
effectively. We also used the splenic fragment culture technique described by Klinman 
and co-workers (11,  16),  which maximizes T  help and the conditions  for expression 
and development of maturing B cells, to search for the earliest detectable precursors 
for PC in the neonatal liver. By these approaches, PC-specific responses or precursors 
were detected as early as 1 d after birth. These early responding PC clones, however, 
were not restricted to the predominant expression of the TEPC-15 idiotype. 
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Service grant ALl 1080. 
Abbreviations used in this paper: ATS, anti-thymocyte  serum; BSA, bovine  serum albumin; CFA, complete 
Freund's adjuvant; DMEM, Dulbecco's modified Eagle's medium; DPPC, p-diazonium phenyl phospho- 
rylcholine; Hy, Limulus polyphemus hemocyanin; KLH, keyhole limpet hemocyanin; LPS, lipopolysac- 
charide from E. coti; PBS, phosphate-buffered  saline; PC, phosphorylcholine; PFC, plaque-forming  cells; 
PnC, C-polysaccharide from R36A; PPC-TGG, 3-(p-azophenyl phosphorylcholine)-N-acetyl-L-tyrosylgly- 
cylglycine; RGG, rabbit gamma globulin; SRBC, sheep erythrocytes; TD, T cell dependent; TI, T cell 
independent; TNP, 2,4,6-trinitrophenyl. 
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Materials  and  Methods 
Mice.  BALB/c females, 6-8 wk of age, were purchased  from Cumberland  View Farms, 
Cumberland, Tenn. Mice used as recipients in splenic focus assays were primed by intraperi- 
toneal injection of 100 #g limulus polyphemus hemocyanin (Hy) in complete Freund's adjuvant 
(CFA). A/He  females were  purchased  from  The Jackson  Laboratory, Bar  Harbor,  Maine. 
BALB/c neonates were raised in our breeding colony. 
Antigens.  TEPC-15, the major anti-PC idiotype in BALB/c mice (7, 17), was obtained from 
mice carrying the myeloma tumor in ascites form (tumors were originally received from Dr. M. 
Potter).  The  purified  protein  was  obtained  by  hapten  elution  from  a  PC-tyrosyl-glycine- 
Sephadex 4B column according to the procedure described by Cheseboro and Metzger (18). 
MOPC-315, a 2,4,6-trinitrophenyl (TNP)-binding myeloma protein, was obtained from Litton 
Bionetics, Kensington, Md.; Hy was obtained from Worthington Biochemical Corp., Freehold, 
N. J.; bovine serum albumin (BSA) and rabbit gamma globulin (RGG) were obtained from 
Miles Laboratories, Inc., Elkhart, Ind.; E. coli 0111 :B4 lipopolysaccharide (LPS) was purchased 
from Difco Laboratories, Detroit, Mich. 
TNP25Hy and TNP,~BSA were prepared according to Klinman (19) using 2,4,6-trinitroben- 
zene sulfonic acid (Sigma Chemical Co., St. Louis, Mo.) as the conjugating agent. TNP15-LPS 
was synthesized by the procedure described by Fidler (20).  PCa0 keyhole limpet hemocyanin 
(KLH),  PC21BSA,  3-(p-azophenyl  phosphorylcholine)-N-acetyl-L-tyrosylglycylglycine  (PPC- 
TGG)s-Hy, and (PPC-TGG)s-RGG are PC-containing proteins prepared by reacting p-diazo- 
nium phenyl phosphorylcholine (DPPC)  (18) to proteins according to the procedure described 
by Lee et ai. (7) with appropriate modifications described by Inman et al. (21, 22) and Sigal et 
al. (12).  (PPC)s-TGG-LPS was synthesized according to the procedure described by Inman et 
al.  (21,  22)  with  the  following modifications. TGG Boc hydrazide  (compound G)  was  first 
conjugated to LPS which had been previously dialyzed against  10 -a M  NaOH in saline. This 
TGG-LPS compound  was dialyzed against borate-buffered saline, pH  8.5,  and  DPPC  was 
added and  allowed to  react  overnight  at  4°C.  Unreacted  DPPC  was  removed by dialysis 
against saline. All conjugation ratios are expressed as moles PC per 105 dalton carrier. 
R36A, the rough strain of Streptococcus  pneumoniae, was grown in Columbia broth, harvested, 
and the soluble extract, the C-polysaccharide (PnC), was prepared by the method of Liu and 
Gotschlich (23).  Mouse F(ab')z was prepared by pepsin digestion of mouse IgG followed by 
Sephacryl S-200 filtration. 
Antisera.  A/He anti-TEPC-15 antisera was prepared according to Potter and Lieberman 
(24).  The  antisera was  absorbed on  insolubilized mouse  immunoglobulin  which  had  been 
passed  over  PC-Sepharose.  Idiotype binding capacity and  specificity of the  antisera  were 
determined by radioimmunoassays. Typically, the antisera had a binding capacity of 100 #g/ 
ml and did not cross-react with other non-TEPC-15  PC-binding myeloma proteins. Rabbit 
anti-mouse thymocyte serum was purchased from Microbiological  Associates, Walkersville, Md. 
Rabbit anti-mouse F(ab')~ antisera was prepared by repeated injections of rabbits with mouse 
F(ab')2 in CFA. Goat  anti-rabbit IgG was purchased  from  Litton Bionetics, absorbed on  a 
rabbit IgG immunoabsorbant and iodinated by the chloramine T  method. 
Hemolytic Plaque Assay.  Enumeration of cells secreting anti-PC IgM anttbodies were deter- 
mined by a slide modification of the Jerne-Nordin hemolytic plaque assay (25). Adult animals 
(ages day 25 and over) received either 50 #g PC-KLH, 1 #g PnC, or 10 #g PC-LPS intravenously. 
Neonatal animals, ages day 0-10 received either 5 #g PC-KLH, 0.5 #g PnC, or 1 #g PC-LPS 
intraperitoneally; ages day 11-25 received either 20 #g PC-KLH,  1 #g PnC, or 5 #g PC-LPS 
intraperitoneally. Doses were determined from  the dose that  would give maximal responses 
from a  representative group of animals in a  given age group (data not shown). Spleens were 
analyzed for plaque-forming cells 5  d  after immunization.  PC-specific plaque-forming cells 
were detected using PnC-coated sheep erythrocytes (SRBC)  as target cells (26).  Clonotype 
analysis of anti-PC-secreting antibody-forming cells was performed according to the procedure 
of Cosenza and K6hler (27)  incorporating A/He anti-TEPC-15 antisera at a  final dilution of 
1:750 in the plaquing mixture. 
Splenic Focus Assay.  Spleens from 6- to 8-wk-oid BALB/c mice, and neonatal spleens and 
livers from day 1 or 6 neonates were first gently pressed through a fine mesh screen to obtain 
a  single cell suspension.  The  cells were  washed  two  times  in  Dulbecco's modified Eagle's 1264  LATE CLONAL SELECTION AND EXPANSION OF TEPC-15 
medium (DMEM) and passed through a glass wool column to remove debris. 5-20 ×  10  6 cells 
were injected intravenously via the lateral tail vein into primed mice, 6-8 h  after  1,400-rad 
total body  irradiation. The  conditions of in  vitro culture of splenic fragments  are  briefly 
described (6, 11, 28). The spleens of the recipient mice were removed 20-24 h after transfer and 
sliced into  1-mm fragments with a  McIlwain tissue chopper (Brinkmann Instruments, Inc., 
Westbury, N.Y.). The fragments were cultured in sterile 96-well culture plates (Costar, Data 
Packaging, Cambridge, Mass.), containing DMEM-high glucose (Grand Island Biological Co., 
Grand Island, N. Y.), supplemented with  10% fetal calf serum  (KC Biological, Inc., Lexena, 
Kan.) containing nonessential amino acids, penicillin, streptomycin, gentamicin, and L-gluta- 
mine. Fragments were then stimulated with 5 ×  10  -7 M hapten (either TNP-Hy or PPC-TGG- 
Hy). The fragments were incubated at 37.5°C in 92% 02 and 8% CO2. On day 4, the antigen 
was removed and fresh medium was added. Supernates were collected and changed on days 7, 
10, and 13 and analyzed for anti-hapten idiotype by radioimmunoassay. 
Radioimmunoassay.  Anti-hapten radioimmunoassays (6, 12) were modified for use in 96-well, 
polyvinyl microtiter plates (Cooke Engineering Co., Alexandria, Va.). PC-BSA or TNP-BSA 
was added at  1 #g/well and allowed to incubate overnight at 4°C.  The plates were washed 
with phosphate-buffered saline (PBS)  and  1% BSA in PBS was added and allowed to sit at 
room  temperature  for  1 h.  The  plates were  then  washed  with  PBS  and  25  #l  of culture 
supernates or varying amounts of serum antibody was added. Standard anti-hapten antibodies, 
TEPC-15 for PC and MOPC-315 for TNP, were used to quantify anti-hapten antibodies. After 
overnight incubation at 4°C, the wells were washed five times with PBS and rabbit anti-mouse 
F(ab')2 antisera added at a  1:500 dilution in 1% BSA. The plates were washed five times with 
PBS after 4 h at room temperature and 20,000 cpm/well of I12S-labeled goat anti-rabbit IgG in 
1% BSA was added and allowed to incubate overnight at 4°C.  Wells were washed six times 
with tap water, dried, cut, and counted in a Micromedic 4/600 gamma counter (Micromedic 
Systems, Hozsham, Pa.). Data was analyzed on a Wang 2200 computer (Wang Laboratories, 
Inc., Lowell, Mass.) 
Idiotype Determination.  Idiotype analysis was done by an  inhibition of binding of labeled 
TEPC-15 to immobilized anti-idiotype. Anti-idiotypic antiserum was added to 96-well micro- 
titer plates and incubated overnight at 4°C. Samples were diluted in BSA and added to plates 
along with 20,000 cpm of labeled TEPC-15 F(ab')z and allowed to incubate at 4°C overnight. 
Wells were then washed and counted. 
Statistical Analysis.  Foci secreting anti-hapten-specific antibodies were scored positive on the 
basis of three criteria (29):  (a) continued secretion during two consecutive supernatant collec- 
tions;  (b) correlation, on a  weight basis, of anti-hapten antibody with total idiotype; and  (c) 
statistical significance of samples over control backgrounds, determined by 99%  confidence 
intervals of mean backgrounds from fragment cultures of mice not reconstituted with spleen 
cells.  Manipulation  and  calculation of precursor  frequencies  were  determined  by  Poisson 
distribution-based formulation. 
A significance level of P <  0.05 was considered statistically  significant by Student's t analysis 
of variance of independent groups. 
Results 
Characterization  of the  Response  to  PC-LPS.  It  has  been  shown  that  hapten-LPS 
conjugates, which  are TI class  1 antigens  (30,  31),  can  stimulate immature  B  cells. 
These  antigens can  induce  an  anti-hapten  response  in  adult and  neonatal  animals 
(30, 32, 33), and in mice bearing the immune-deficient X-linked defect (33-36), that 
are otherwise refractile to antigenic stimulation with other antigens, either TI class 2 
or TD.  Lipopolysaccharide is a  cell wall component  of gram-negative bacteria and 
has  been  shown  to  act  as  a  mitogen  for  B  cells  (37-39).  The  presence of various 
primary amine-containing carbohydrate moieties within  the polysaccharide portion 
of the molecule allows the conjugation reaction to proceed by conversion of amine to 
a  substituted amide. In this manner  the synthesis of TNP  (20), 4-hydroxy-3-iodo-5- 
nitrophenylaeetic acid (30), and fluorescein isothiocyanate (39)-containing LPS con- ,JOHN  FUNG  AND  HEINZ  KOHLER  1265 
jugates  have  been  described.  Using  a  modification  of the  procedure  of hapten 
conjugation via an activated tripeptide linkage to primary amine groups described by 
Inman et al.  (21, 22), we conjugated PC to LPS and examined the immunogenicity 
of the resultant compound in vivo. Athymic nude BALB/c mice and their heterozy- 
gous littermates were immunized with three different PC-containing antigens (Table 
I). Whereas heterozygous BALB/c respond to all PC-containing antigens, their nude 
littermates respond only to PnC and PC-LPS and not to PC-KLH. Treating BALB/ 
c nu/+  with ATS before immunization reduces the response to PC-KLH, whereas 
the responses to PnC,  PC-LPS, and TNP-LPS are not affected. Thus, PC-LPS can 
stimulate PC-specific precursors in the absence of T  cells. 
Onset and Idiotype Analysis of the Neonatal PC-LPS Response In Vivo.  PC-LPS was used 
to investigate the in vivo response by mice of different ages.  The appearance of a 
response to PC-LPS was compared to the time when the neonates begin to respond to 
the TI class  1 antigen, PnC, and the TD antigen PC-KLH. As shown in Fig.  1, the 
response to PnC and PC-KLH cannot be induced before day 5. In contrast, PC-LPS 
stimulates PC-specific responses as early as in day 1 neonates. The antibodies, induced 
by PC-LPS, are specific for PC because >90% of the plaques are inhibited by 10  -3 M- 
free hapten (data not shown). Thus PC-LPS was capable of stimulating PC-specific 
precursors in neonates that were 5 d younger than those neonates that respond to PC- 
KLH or PnC. 
The idiotype composition of the PC-LPS-induced responses in neonatal mice was 
determined using inhibition of plaque  formation by anti-TEPC-15 antibodies and 
idiotype analysis on sera from PC-LPS-immunized mice. As  seen in Table II, the 
anti-PC-plaque-forming cell  (PFC)  response from early neonatal animals  is largely 
resistant to plaque inhibition by anti-idiotypic antibody indicating that these animals 
produce anti-PC  antibodies which are predominantly TEPC-15 negative. In Table 
III the amount of total anti-PC and TEPC-15 idiotype in sera measured by radioim- 
TABLE  I 
In Vivo Responsiveness to PC-containing Antigens 
Strain  Antigen  ATS treat-  PC-PFC/spleen  TNP-PFC/spleen 
ment*  (log 10):[:  (log 10):~ 
BALB/c Nu/+  PC-KLH  -  4.42  ±  0.08  ND 
+  3.12 ±  0.04  ND 
PnC  -  4.52  ±  0.07  ND 
+  4.60  ±  0.07  ND 
PPC-TGG-LPS  -  4.85  ±  0.10  <3.00 
+  4.65  ±  0.12  <3.00 
TNP-LPS  -  <3.00  4.80 ±  0.03 
+  <3.00  4.72  ±  0.04 
BALB/c nu/nu  PC-KLH  -  <3.00  ND 
PnC  -  4.40  +  0.07  ND 
PPC-TGG-LPS  -  4.32  ±  0.05  <3.00 
TNP-LPS  -  <3.00  4.65  ±  0.03 
* Mice were given 0.15  ml ATS 24 h before injection of antigen. 
Antigen doses given for: PC-KLH, 50 #g/mouse; PnC, 1 #g/mouse; PC-LPS, 10 #g/mouse; 
TNP-LPS,  10 #g/mouse. 
PC-  and TNP-specific  plaques were detected  5  d  after immunizations using PnC-  and 
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FIo.  1.  Age of mice in days, when immunized with PC antigens, is plotted against the number of 
direct PC-specific PFC determined 5 d after injection, using PnC-coated SRBC as target cells in a 
modified  Jerne-Nordin plaque assay. Dosages of  antigens given are: neonates, ages day 0-10 received 
either 5/xg PC-KLH, 0.5 #g PnC, or 1/~g PC-LPS intraperitoneally; ages day 11-25 received either 
20 #g PC-KLH, 1 #g PnC, or 5 #g PC-LPS intraperitoneally; and adults, ages day 25 and over 
received either 50 #g PC-KLH, 1 #g PnC, or 10 #g PC-LPS intravenously. 
TABLE II 
Idiotype Analysis of the In Vivo Response to PPC-TGG-LPS 
PC-PFC/splecn  Range of inhibi- 
Age at time of  PC-PFC/spleen:~  (log 10) with anti- 
immunization*  idiotype§  tion 
a  tog/o 
0  0.94 ±  0.37  0.90 + 0.37  0-30 
1  1.64 ± 0.27  1.61 ± 0.29  0-33 
2  2.67 ±  0.10  2.60 ± 0.13  7-21 
5  2.97 ±  0.13  2.89 ± 0.21  8-24 
6  3.14 ±  0.14  3.04 ± 0.08  11-29 
8  3.20 ± 0.10  3.10 ± 0.12  19-35 
10  4.08 ±  0.11  3.55 ± 0.19  57-75 
12  4.24 ±  0.14  3.62 ± 0.20  61-81 
25  4.72 ± 0.10  3.81 ± 0.17  76-90 
Adult  5.05 ±  0.13  4.15 ± 0.13  80-97 
* Age of mice in days when immunized with PC-LPS. Dosages given  were: 
ages day 0-10:1  /~g PC-LPS, intraperitoneally; day  11-25:5/~g PC-LPS, 
intraperitoneaUy;  day 25 and over:  10/~g PC-LPS, intravenously. 
:~ PC-PFC were enumerated using PnC-coated SRBC as target cells in hemo- 
lytic plaque assay. 
§ Clonotype analysis was accomplished using A/He anti-TEPC-15 antisera at 
a final dilution of 1:750 in the plaquing mixture. 
munoassay from groups of PC-LPS-immunized  neonates are shown. Only in animals 
older than  10 d  is the TEPC-15  idiotype clone dominantly expressed. The appearance 
of dominant expression of  the TEPC-15  idiotype after PC-LPS immunization parallels 
the TEPC:-15  expression induced  by  PnC  or  PC-KLH  immunization.  As observed 
earlier (40, 41) and demonstrated here (Fig.  1), the response to PC-KLH  or PnC does JOHN  FUNG AND HEINZ  KOHLER 
TABLE  III 
Anti-PC and TEPC-15 Levels in PC-LPS-immunized  Neonates 
Age  Anti-PC  TEPC- 15 *  TEPC- 15:~ 
d  % 
2  4.9 -1- 0.6  1.0 ± 0.4  20.4 
5  29.7 ::1:4.9  5.4 ::1:2.7  18.2 
10  49.9 ::t: 3.7  9.6:1:5.2  19.2 
15  56.6 :t: 8.0  50.3 ::1: 17.5  88.9 
* Groups of neonatal BALB/c mice were immunized with  10 #g PPC-TGG- 
LPS on  the indicated  days and  bled  5 d  later.  The amounts of anti-PC 
antibodies and TEPC- 15 idiotype were determined by RIA and are expressed 
in micrograms per mililiter serum. 
:[:The  percentage  of TEPC-15  idiotype  was  calculated  from  the  average 
amounts of anti-PC and TEPC- 15. 
TABLE  IV 
Analysis of PC and TNP-precursors & Adult and Neonatal BALB/c M,'ce 
1267 
Cells an-  PC clones  TNP clones  PC precursors  TEPC-15  TNP precursors 
Donorfrom:,Cells  (×alyzcd10-7) per 10  s B cells:~  pertransferred  108 cells  idiotype:l:  per 10  s B cells:[:  pertransferred  106 cells 
% 
Spleen cells 
Adult animals  62  32.4:1:13.7  0.54  79  215.7 :t: 28.3  4.70 
Day 1 animals  24  0  0  --  ND 
Day 6 animals  18  6.67 :t: 2.39  0.11  65  74.0:1:17.3  1.56 
Liver cells 
Day 1 animals  36  --§  0.07  23  --§  1. t0 
Day 6 animals  12  --  0.01  ND  --  0.20 
* BALB/c mice were primed with hemocyanin 6-8 wk before use. 20 ×  106 syngeneic  donor cells were 
given to these mice 4-6 h after x-irradiation (1,400 rad).  18 h later, spleen  fragments were cultured and 
immunized with PPC-TGG-H or TNP-HY. 
~: Culture supernates  from splenic  fragments were assayed  for anti-PC, TEPC-15 idiotype, and anti-TNP 
antibodies by radioimmunoassays. 
§ An absolute precursor frequency for liver cells was not established  because the homing efficiency of liver 
cells is not known in this system. 
not appear until 5-6 d  after birth, and the responses to PC-KLH  and PnC are always 
characterized  by TEPC- 15 dominance. 
Analysis of PC-specific Precursors in Neonatal BALB/c Mice.  Next we searched  for PC 
precursors in neonatal animals using the splenic fragment culture technique described 
by  Klinman  and  co-workers  (5,  11,  16,  19)  and  modified  by  us  (6).  This  technique 
provides optimal conditions for the expression of B  cell precursors which is important 
for  detecting  responses  by  immature  cells.  Cells  are  injected  into  an  environment 
which  provides  maximal  T  cell  help,  and  in  which  B  cells  receive  very  efficient 
stimulation  by the hapten carrier PPC-TGG-Hy  (5,12).  This precursor assay has been 
shown  to  allow expression  of a  wide range  of maturing  B  cells and  their precursors 
(42,  43)  responding  to TD  antigens.  We  therefore  used  the TD  antigen  PPC-TGG- 
HY to stimulate precursors  from neonatal  livers and spleens whereas cells taken  from 
adult animals served as controls. As shown in Table IV, normal adult BALB/c  spleen 
cells contain  PC-specific precursors  at a  frequency of 32.4  zt:  13.7/106  B  cells. This is 1268  LATE CLONAL SELECTION AND EXPANSION OF TEPC-15 
in excellent agreement with the PC precursor frequency given by Sigal et al. (12). Of 
these PC-specific precursors, 79% are of the TEPC-15 idiotype. We found that day 1 
neonatal  spleens  do not  contain  PC-specific precursors or cells  able  to  give rise  to 
these precursors, whereas the frequency of PC-specific precursors of day 6 spleen cells 
is about five times less  than that of adults.  Sigal and co-workers (12)  conclude  that 
the  appearance  of  PC  responsiveness  and  of  the  TEPC-15  idiotype  clones  is  a 
predictable  occurrence  around  5-6  d  after birth.  We  also examined  the  ability  of 
neonatal liver cells to give rise to PC-specific precursors. As shown in Table IV, PC- 
specific precursors can be detected in the inoculum  from neonatal  livers. These PC- 
positive clones, when analyzed for the TEPC-15  idiotype, show a  marked difference 
from the idiotype profile seen in adult  mice. Approximately 80% of day  1 neonatal 
PC-specific clones are TEPC-15 idiotype negative. 
In the course of neonatal development, hemopoietic stem cells and their progeny 
are known to migrate from the liver to the spleen and bone marrow (44-46). Table 
IV shows that in the first 5 d  after birth, there is a  shift of PC and TNP precursors 
from  the  neonatal  liver  to  the  neonatal  spleen.  During  this  period,  PC-specific 
precursors  of  the  TEPC-15  idiotype  establish  "clonal  dominance",  because  the 
percentage of PC-specific precursors in day 6 spleens bearing the TEPC-15  idiotype 
approximate that of the adult spleen. 
These results  from in  vivo and  in  vitro analysis of PC-specific responses by cells 
from  neonatal  animals  confirm  observations  of the  definite  and  predictable  late 
acquisition  of the TEPC-15  clonal  dominance  (11,  12).  But  more importantly, our 
data demonstrate that  PC  responses and  PC  precursors mature before the onset  of 
TEPC-15 dominance and that among those earliest precursors are clones which carry 
the TEPC-15 specificity. 
Discussion 
In the BALB/c strain, the response to PC-containing antigens has been shown, by 
many criteria  (6-9, 47),  to be dominated  by antibodies which  bear variable region 
determinants of the TEPC-15 myeloma protein. Whereas the normal adult response 
is characterized by a restricted heterogeneity in the antibody population, the precursor 
repertoire  is  diverse  and  several  hundred  clonotypes  have  been  identified  in  the 
precursor  pool  of potentially  responsive  B  cells  (1,  4).  Thus,  the  establishment  of 
dominance of the TEPC-15 clone is not caused by a  restriction of the available pool 
of precursor idiotypes. Sigal et al. (11,  12) have reported that both PC responsiveness 
and TEPC-15 clonal dominance appear in neonatal spleen ~ 1 wk after birth. They 
failed to detect PC-specific precursors in day 19 fetal liver cells; however, several lines 
of evidence point  to the presence of PC-committed cells in  fetal and neonatal  liver 
cells. Kaplan et al. (48) and Augustin et al. (49) have shown that adoptive transfer of 
fetal or neonatal liver cells into a syngeneic recipient leads to acquired responsiveness 
to TNP and  PC.  The PC  response in  these  liver cell-recipient  animals was mainly 
TEPC-15 negative. Quintans et al.  (50)  used neonatal liver cells from BALB/c mice 
to  reconstitute  the  genetic  unresponsiveness of (CBA/N  X  BALB/c)F1  males with 
both  TEPC-15  and  non-TEPC-15  responses.  However, none  of these  observations 
demonstrated a rigorous cell dose dependence which is essential for precursor analysis. 
Using the splenic fragment culture, as described by Klinman and co-workers (5,  12, 
16,  t9), we were able to study the development and maturation of immature B cell JOHN FUNG AND HEINZ KOHLER  1269 
precursors  in  an  environment  promoting maximal  T  cell recognition and  antigen 
stimulation which otherwise is insufficient in neonatal animals. Thus, we found that 
the neonatal liver cell contains PC-specific precursors and that the majority of these 
PC-specific precursors bore non-TEPC-15. 
In an attempt to study the relation of TEPC-15 and non-TEPC-15-positive clones 
in  vivo, we have synthesized a  PC-conjugated LPS compound.  Like other hapten- 
LPS  conjugates,  we  found  that  this  antigen  can  induce  expression  of relatively 
immature B cells and their precursors at an early maturational age where other PC 
antigens  are  not  effective stimulators.  The  response  of PC  precursors  in  neonatal 
animals using PC-LPS as antigen corroborates the observations in splenic fragment 
cultures.  Comparison of neonates immunized with  various PC-containing antigens 
indicates  that  BALB/c neonates develop and  acquire  sequential  responsiveness to 
various classes of PC  antigens similar to that  described for TNP antigens  (32, 33). 
Responsiveness to PC-LPS is noted earliest in ontogeny, and within days after birth, 
a  substantial  anti-PC  response can  be observed.  The  response  to  PC-LPS,  when 
analyzed by anti-idiotypic antibodies, indicates that the earliest anti-PC response is 
comprised of largely non-TEPC-15 idiotypes, whereas later in ontogeny, an increase 
of the TEPC-15 clone shifts the equilibrium of precursors toward TEPC-15 clonal 
dominance. On the other hand, immunization of neonates <6 d of age with PnC or 
PC-KLH does not result in detectable anti-PC  responses. When these responses do 
arise, we find that the TEPC-15 idiotype constitutes the large majority of antibodies 
produced. Interestingly, whereas in other responses an increase in the heterogeneity of 
antibodies during maturation was observed, we find that the response to PC becomes 
apparently more restricted during neonatal development. This restriction, however, 
is caused by the relative expansion and expression of the TEPC-15-bearing clones, 
because by precursor analysis,  non-TEPC-15 clones exist in significant numbers in 
normal neonatal and adult BALB/c mice. 
Thus,  it  appears  that  the  expansion  of TEPC-15-bearing  precursors  to  clonal 
dominance and the maturation of B cell precursors responding to different classes of 
antigens are independent maturational events. Accordingly, three maturational phases 
in  the  development of a  given response can  be envisioned.  In  the  first  phase  the 
genetic repertoire of V-genes is expressed. These precursors are functionally immature 
because only strongly mitogenic antigens  (i.e.  LPS conjugates)  can  stimulate  and 
triggering occurs only in an environment of maximized T  help (reviewed in reference 
51). For responses to certain antigens, which are characterized by clonal dominance, 
a  cellular mechanism  selects certain clones and  induces their expansion.  For most 
antigens,  however, clonal  selection and  expansion  evidently does  not  happen  and 
these responses appear therefore to be polyclonal. The third step in clonal maturation 
entails the maturation of clones to full responsiveness to all forms of antigens, i.e., TD 
and TI antigens. Within this framework of maturation clonal restriction and timing 
of the emergence of clonal dominance has no bearing on the definition of germ-line 
gene responses; rather, clonal restriction and late acquisition of dominant responses 
are  merely reflections of regulatory processes which  occur during  maturation  and 
which determine the clonal profile in the adult response (48, 52, 53). 
Administration of anti-idiotypic antibodies affects the expression ofidiotype bearing 
B  cells  differentially depending on  the  amount  administered.  High  doses of anti- 
idiotypic antihodies has been shown to lead to suppressor T  cell induction (54-56), or 1270  LATE CLONAL SELECTION AND EXPANSION OF TEPC-15 
clonal deletion  (57-59),  as postulated  by Jerne  (60).  On  the other hand,  low dose 
anti-idiotype administration has been shown to prime a helper T  cell population able 
to allow maximal expression of B cells (61)  and, in addition, in some reports B cells 
bearing the idiotype have been shown to be directly stimulated by low dose priming 
(55).  Our laboratory reported that immunization of neonatally suppressed BALB/c 
mice with anti-idiotype results  in  the induction of the  idiotype (62).  We  (47)  and 
others (10)  have demonstrated the presence of anti-idiotypic antibodies in neonates 
immediately after birth which is not detectable after 5-6 d of age. Using a sensitive 
radioimmunoassay to detect anti-idiotype in the neonate, we have reported that the 
total idiotype binding capacity of neonatal serum corresponds to  10  -3 #g TEPC-15. 
Correcting for weight differences, the amount of anti-idiotype in these neonates is on 
the same order of magnitude as that needed for optimal priming of T  helper ceils, as 
proposed by Julius et al. (63). In addition, this level of anti-idiotype found in neonates 
is roughly 1,000-5,000 times less anti-idiotype than is used to induce suppression. We 
proposed earlier a  mechanism for the establishment of clonal dominance (47) which 
involves idiotype-specific regulation of preexisting clones. TEPC-15-bearing cells are 
stimulated  by anti-idiotypic factors or cells to expand  and  become dominant  over 
non-TEPC-15 clones. The late acquisition of the TEPC-15 idiotype clone may result 
from the time requirement for its positive selection. Although the exact mechanism of 
establishment of clonal dominance is not known, it is tempting to speculate that the 
early  auto-anti-idiotypic  antibody  helps  to  select  and  to  promote  the  TEPC-1f- 
positive clones to attain clonal dominance (47). 
Summary 
The maturation of the antibody response to phosphorylcholine (PC)  in neonatal 
BALB/c mice was studied. A T  cell-independent class  1 PC-antigen, 3-(p-azophenyl 
phosphorylcholine)-N-acetyl-L-tyrosylglycylglycine lipopolysaccharide,  was  synthe- 
sized and  used  to immunize neonatal  mice of different ages.  The earliest  anti-PC 
hemolytic plaque-forming response could be induced in  1-d-old neonates.  Idiotype 
analysis on these early anti-PC antibodies showed that the response was not TEPC-15 
dominant although TEPC-15-positive plaque-forming ceils were detected. However, 
idiotype analysis of the anti-PC-LPS response in 7 d or older animals indicated that 
clonal  dominance  had  been  established.  Similar  results  were  obtained  in  splenic 
fragment culture with cells from neonatal livers and spleens.  PC-specific precursors 
were detected in the liver of 1-d-old neonates, whereas the spleen of those animals 
contained no precursors for PC. Precursors for PC residing in the neonatal liver are 
not TEPC-15 dominant, whereas the splenic PC precursors of 5- to 6-day-old animals 
express the TEPC-15 idiotype dominantly. These findings demonstrate that  during 
ontogeny PC-specific B cells appear before the TEPC-15 clone becomes dominant. 
Thus  clonal  dominance  in  the  adult  anti-PC  response  and  late acquisition  of the 
TEPC-15 specificity during ontogeny do not signify a  particularly unique or direct 
relationship to the expression of genes encoded in the germline. 
Received  for publication 6June 1980. 
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